ABSTRACT 3,4-Methylenedioxymethamphetamine (MDMA) is a drug of abuse with mixed stimulant-and hallucinogen-like effects. The aims of the present studies were to establish discrimination of S(ϩ)-MDMA, R(Ϫ)-MDMA, or their combination as racemic MDMA in separate groups of mice to assess cross-substitution tests among all three compounds, to determine the time courses of the training doses, to assess pharmacokinetic variables after single injections and after cumulative dosing, and to define the metabolic dispositions of MDMA enantiomers and their metabolites. All three forms of MDMA served as discriminative stimuli, and with the exception of R(Ϫ)-MDMA in mice trained to discriminate the racemate, compounds substituted for one another. The onset of interoceptive effects for S(ϩ)-MDMA and racemic MDMA were faster than for R(Ϫ)-MDMA, and the duration of discriminative stimulus effects was shortest for R(Ϫ)-MDMA. S(ϩ)-MDMA and its metabolites were found in higher concentrations than R(Ϫ)-MDMA and its metabolites after a bolus dose of racemic MDMA. The N-dealkylation pathway is favored in mouse plasma with MDA as the main metabolite formed. Cumulative doses of MDMA lead to higher plasma concentrations compared with an equivalent single dose. 3,4-Methylenedioxyamphetamine (MDA) concentrations are lower after the cumulative dose compared with the single dose, which, coupled with the nonlinearity observed in MDMA pharmacokinetics after increased doses of racemic MDMA, suggests autoinhibition (or saturation) of MDMA metabolism in mice. In total, these studies suggest that the discriminative stimulus effects of racemic MDMA are perhaps driven by accumulation of S(ϩ)-MDMA and S(ϩ)-MDA in the mouse.
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Phenethylamine is a ubiquitous backbone structure in endogenous biochemicals and various drugs of abuse. Oxygenated substituents on the phenyl ring typically produce hallucinogenic drugs of the mescaline type, whereas side-chain modifications often result in stimulant drugs of the amphetamine type (Glennon, 1989) . Recent interest has focused on a third class of substituted phenethylamines, the methylenedioxy congeners, which have come to be known as "entactogens" (Nichols, 1986) . Included within this group of compounds are 3,4-methylenedioxymethamphetamine (MDMA) and its analogs, all of which are club drugs often sold under the name of "ecstasy" (Cole et al., 2002) . MDMA and its analogs have chemical properties common to both the central stimulants and the hallucinogens and some unique properties not shared by these more traditional drugs of abuse; thus, it has been argued that these methylenedioxy compounds represent a unique pharmacological class (Nichols, 1986; Nichols and Oberlender, 1990) . It is important that both the S(ϩ)-and R(Ϫ)-enantiomers of MDMA are active in vivo but may differ in terms of their pharmacological (Fante-grossi et al., 2005; Partilla et al., 2006, Young and Glennon, 2008) and biological effects (Fantegrossi et al., 2003; Bondareva et al., 2005) .
Drug discrimination studies with racemic MDMA suggest that its interoceptive effects are predominantly stimulant-like. For example, rats trained to discriminate the psychostimulant S(ϩ)-amphetamine, but not those trained to discriminate the hallucinogen 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM), generalized their responding to racemic MDMA (Glennon et al., 1982) . Conversely, rats trained to discriminate racemic MDMA from saline generalized their responding to S(ϩ)-amphetamine, but not to DOM (Glennon et al., 1986; Oberlender and Nichols, 1988; Glennon, 1989) . Amphetamine-like discriminative stimulus effects of racemic MDMA have also been demonstrated in pigeons (Evans and Johanson, 1986) , rhesus monkeys (Kamien et al., 1986) , and humans (Johanson et al., 2006) . Nevertheless, some studies (e.g., Oberlender and Nichols, 1988 ) have failed to observe complete substitution of MDMA to an amphetamine training stimulus. Furthermore, in a three-choice drug discrimination procedure, rats have been trained to discriminate among the interoceptive effects induced by racemic MDMA, S(ϩ)-amphetamine, and saline (Goodwin and Baker, 2000) , which indicates that the stimulus effects of these compounds are not entirely congruent.
The optical isomers of MDMA also have been examined in drug discrimination studies, although such studies are relatively few in number. In rats, a DOM training stimulus did not generalize to either optical isomer of MDMA, but animals trained to S(ϩ)-amphetamine generalized their responding to S(ϩ)-MDMA but not to R(Ϫ)-MDMA (Glennon et al., 1982) . Another study, however, reported that neither isomer of MDMA fully substituted for a S(ϩ)-amphetamine stimulus (Oberlender and Nichols, 1988) . In rats, both S(ϩ)-MDMA and R(Ϫ)-MDMA substituted for a racemic MDMA stimulus (Glennon et al., 1986; Schechter, 1987; Oberlender and Nichols, 1988; Glennon, 1989) , indicating some commonality of stimulus effects among the enantiomers in these species.
Human MDMA users may take more than a single dose per session, often "boosting" with subsequent pills after the interoceptive effects of the first dose begin to decrease. Repetitive administration of MDMA results in a nonlinear accumulation in the plasma of rats (Chu et al., 1996) , squirrel monkeys (Mechan et al., 2006; Mueller et al., 2008) , and humans (de la Torre et al., 2000) , but the metabolic disposition of MDMA in the mouse is largely unknown. If the interoceptive effects of racemic MDMA are primarily mediated by one of the stereoisomers, differences in plasma accumulation or metabolism perhaps could result in unexpected toxicities (i.e., overdose) because of dose-disproportionate increases in plasma concentrations upon repeated drug administration.
The present studies were undertaken to investigate the congruence among the discriminative stimulus effects of MDMA and its enantiomers in mice and the relationship between pharmacokinetic variables and discriminative performance. Separate groups of animals were trained to discriminate 1.5 mg/kg S(ϩ)-MDMA or R(Ϫ)-MDMA, or their combination as 3.0 mg/kg racemic MDMA, using a two-lever procedure where injection-appropriate responding was reinforced with liquid food. The time courses of the interoceptive effects of the training doses were established, and cross substitutions were made among all three compounds using a cumulative dosing procedure. In addition, pharmacokinetic variables were assessed after single injections and after cumulative dosing. To our knowledge, these studies represent the first assessments of the discriminative stimulus effects and pharmacokinetic dispositions of MDMA and its enantiomers in mice.
Materials and Methods

Animals
Behavioral Studies. Male Swiss-Webster mice (Charles River Laboratories, Inc., Wilmington, MA) initially weighing 20 to 25 g were housed in groups of three per 44.5-ϫ 22.3-ϫ 12.7-cm Plexiglas cage at the Yerkes National Primate Research Center (Atlanta, GA). Lab Diet rodent chow (Laboratory Rodent Diet 5001; PMI Feeds, Inc., St. Louis, MO) and filtered water were available ad libitum in the rodent vivarium that was maintained at a temperature of 22 Ϯ 2°C at 45 to 50% humidity. Lights were set to a 12-h light/dark cycle.
Pharmacokinetic Studies. Male Swiss-Webster mice (weighing between 30 and 40 g) were housed in groups of three per 44.5-ϫ 22.3-ϫ 12.7-cm plastic cage at the Institut Municipal d'Investigació Mèdica (IMIM) in Barcelona, Spain. Free access to food and water was maintained at all times while animals were housed in the vivarium, which was temperature-controlled at 21.5 Ϯ 1°C. Within the animal housing room, lights were set to a 12-h light/dark cycle.
All studies were carried out in accordance with the Declaration of Helsinki and with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) . Experimental protocols were approved by the Animal Care and Use Committees at the Yerkes National Primate Research Center of Emory University and IMIM.
Procedure
Behavioral Studies. Six modified operant-conditioning chambers (model ENV-008; MED Associates, St. Albans, VT) were individually enclosed in larger lightproof Malaguard sound-attenuating cubicles (model ENV-022M; MED Associates), each of which contained a house light and exhaust fan. Chambers were bisected to allow for the simultaneous testing of two animals at a time, and the stainless steel bar flooring was overlaid with chicken wire. Animals tested simultaneously in the same chamber were conspecifics within the same home cage during periods when they were not being tested and were separated from each other within the chamber by an opaque polycarbonate wall during experimental sessions. The side wall of each chamber compartment used in these studies was equipped with a spout through which liquid reinforcement was delivered, driven by an infusion pump mounted outside the chamber. The spout was centered between two retractable levers and positioned just beneath a red stimulus light, which was illuminated during reinforcer delivery. Our procedure for establishing operant performance and discriminative control by drug injections in the mouse was described previously (Yarosh et al., 2007) .
Lever Training. Mice were trained daily to respond in two-lever operant conditioning boxes, reinforced by 2 s of access to a palatable liquid reinforcer (vanilla-flavored coffee creamer diluted 1:1 with water) from a syringe pump. Upon completion of the response requirement on either lever, that lever was retracted and reinforcement was delivered. After a brief (10 s) time-out (TO), mice were required to complete the response requirement on the remaining lever. Both levers were reintroduced into the chamber after the 10-s TO. In this manner, mice received equivalent reinforcement from each lever, and no subsequent biases for one lever or the other were noted. Animals were initially maintained on a fixed ratio (FR) 1 schedule of reinforcement in session lasting 60 min or until 60 reinforcers had been earned (whichever came first). The FR value increased by one increment every 20th reinforcer earned within a given session, and the FR value achieved was carried over between sessions until mice were responding under an FR10. This segment of the training was complete when mice reached an FR10 and worked consistently for the reinforcer for at least 5 consecutive days.
Discrimination Training. Each group of mice (n ϭ 6) was trained during daily 30-min sessions to discriminate their respective drug [3.0 mg/kg racemic MDMA, 1.5 mg/kg S(ϩ)-MDMA, or 1.5 mg/kg R(Ϫ)-MDMA] from saline vehicle. When animals were injected intraperitoneally with training drug, responses on the drug lever produced the reinforcer. When administered a saline injection, responses on the saline lever were reinforced. For both injection conditions, a single response on the incorrect lever resulted in retraction of that lever and extinction of the house light for a 30-s TO. During this TO, the injection-appropriate lever remained extended into the chamber, but responses on it had no programmed consequences. After the elapse of the TO, the responding under an FR10 on the remaining, injection-appropriate lever was reinforced. Injection-appropriate responding was calculated as the number of correct responses divided by the total number of responses, but given the particulars of this procedure, values were never less than 90% (unless behavior was suppressed). We have found that a more useful metric for discriminative performance during training under these conditions is percentage correct choices, which was calculated as the number of reinforcers earned divided by the total number of opportunities to make a choice between the two levers. The animals were switched from saline to drug or vice versa for the next day of training if they achieved the criteria of greater than 80% correct choices. After 3 consecutive training days where discriminative performance was above criteria, animals were tested as described below and then returned to training on the following day. If mice received the same injection type for 3 consecutive days without reaching the criteria of 80% correct choices, they were given a performance day where the mice received no injection and were reinforced on an FR10 schedule as per during lever training.
Substitution Testing. Testing to derive a dose-response curve was divided into four individual components separated by 10-min intervals to allow for the use of a cumulative dosing protocol. All such tests were conducted under extinction conditions. For the first component, test animals were administered an injection of 0.03 mg/kg for S(ϩ)-MDMA and R(Ϫ)-MDMA or 0.1 mg/kg for racemic MDMA. After the interval, both levers were extended, and the mouse was required to complete 10 total responses on either lever to advance to the next component. If the animal did not complete 10 responses on a lever in 5 min, the component and session were terminated. If the animal completed 10 responses on a single lever, both levers were retracted, no reinforcer was delivered, and the mouse received the next dose of test drug. The next testing component was started after the 10-min interval for a total of four components. Mice were acclimated to this procedure in two or three sessions in which saline was administered before the start of each component. The cumulative doses after each component were 0.03, 0.1, 0.3, and 1.0 mg/kg for S(ϩ)-MDMA and R(Ϫ)-MDMA and 0.1, 0.3, 1.0, and 1.7 mg/kg for racemic MDMA. In this manner, each group of mice was tested for generalization to S(ϩ)-MDMA, R(Ϫ)-MDMA, and racemic MDMA.
Time Course Testing. Animals were administered a single injection of the training dose of their respective drug and tested at 10-min intervals after injection for 80 min. With the exception of session duration and the administration of only a single injection, time course testing was identical to substitution testing.
Pharmacokinetic Studies
Plasma Samples. In the first set of experiments, five mice were injected intraperitoneally with 1.5 mg/kg R(Ϫ)-MDMA, 1.5 mg/kg S(ϩ)-MDMA, or 3.0 mg/kg racemic MDMA. Blood samples (ϳ200 l) were collected from the orbital sinus of each mouse at 10, 30, 60, or 80 min in 1 ml of heparinized polyurethane tubes (BD Biosciences, San Jose, CA) containing 3 l of 250 mM sodium bisulfite. A total of 60 samples from 60 mice were collected; five samples for each of the four time points across three drug conditions. In a second experiment, two groups of mice were injected intraperitoneally with either a single bolus 1.7 mg/kg racemic MDMA dose or cumulative doses of racemic MDMA (first injection at 0 min, 10 min between each injection of doses: 0.1, 0.2, 0., 0.7 mg/kg i.p.). Blood samples were collected at 40 min after the single bolus injection and at 10, 20, 30, and 40 min during the cumulative component in 1 ml of heparinized polyurethane tubes (BD Biosciences) containing 3 l of 250 mM sodium bisulfite. There were thus a total of 15 samples collected from 15 mice; three for the single bolus dose and three at each of the four time points during the cumulative dosing. All samples were immediately stored on ice, then centrifuged at 4°C at 3000 rpm for 10 min. Plasma was separated and stored at Ϫ20°C for further analysis. All the procedures followed in the present work were in compliance with the European Community Council Directive (86/609/EEC).
Sample Preparation. Quantification of enantiomers was performed by gas chromatography/mass spectrometry after a chiral derivatization. Sample volumes were 50 l, and final volumes of 1 ml were obtained by dilution with blank plasma. Extraction was done as described by Pizarro et al. (2003) . To reconstituted extracts (in 200 l of methanol), 4 ml of ethyl acetate/NH 3 (2%) and an excess of anhydrous Na 2 SO 4 was added. Tubes were stacked in an end-to-end mixer at 40 movements/min for 20 min and then centrifuged at 3500 rpm for 10 min. The solvent phase was transferred to a clean tube. This procedure was repeated twice, and the final volume of solvent was taken to dryness under nitrogen steam at 40°C, 15 psi. Dried extracts were kept in a vacuum oven (40°C) for 30 min. Finally, derivatization was performed with minor modifications according to a procedure described previously (Pizarro et al., 2003) ; the amine was derivatized using 20 l of 190 mM R(Ϫ)-␣-methoxy-␣-trifluoromethylphenylacetyl chloride in 2 ml of ethyl acetate/hexane (50:50) that contained 0.015% triethylamine, and phenols were derivatized with 30 l of 1,1,1,3,3,3-hexamethyldisilazane at 60°C for 1 h.
Instrumentation. A gas chromatograph (6890N; Agilent Technologies, Santa Clara, CA), equipped with a mass selective detector (5975; Agilent Technologies) and an autosampler injector (7683 series; Agilent Technologies), were used. Gas chromatography conditions for chiral analysis included a splitless injection mode (0.95 min); column, Phenomenex (Torrance, CA) cross-linked 5% phenyl/ 95% dimethylpolysiloxane (30-m ϫ 0.25-mm ϫ 0.25-m film thickness); injection port temperature, 250°C; carrier gas, helium; flow rate, 1 ml/min; temperature program, from 150 to 300°C at 20°C/ min; initial time, 1.10 min; final time, 3 min; and injection volume, 3 l. Mass spectrometry conditions were: selected ion monitoring mode; positive chemical ionization, 240 eV; and ion source temperature, 300°C. The reagent gas used was methane. Pholedrine (4-hydroxymethamphetamine) was generously given by the Deutsche Sporthochschule, Biochemistry Department (Cologne, Germany). MDMA and its enantiomers were obtained from the National Institute on Drug Abuse Drug Supply Program.
Data Analysis. Drug discrimination data are presented as percent drug-appropriate responding (number of responses on the drugappropriate lever as a percentage of the total number of responses) and response rate (expressed as responses per second). The criterion for generalization was set as 80% drug-appropriate responding. Pharmacokinetic noncompartmental analyses (estimation of C max , t max , AUC 10 -80min , K e ) were performed using Microsoft Excel (PK Functions for Microsoft Excel, http://www.boomer.org/pkin/ soft.html). Pharmacokinetic parameters were estimated separately for each mouse, and the mean and S.D. of these estimations were calculated. Statistical analysis was performed using SPSS for Windows version 12.0 (SPSS Inc., Chicago, IL). Where the same groups of mice were given the same dose regimen, pharmacokinetic parameters of R(Ϫ)-MDMA and metabolites were compared with their equivalent S(ϩ)-enantiomer using both a paired Student's t test and, assuming non-normal distribution because of low sample number, the Wilcoxon nonparametric test for paired samples. Independent Student's t tests and nonparametric Mann-Whitney tests were also performed to compare R ( 
Results
Behavioral Studies. Racemic MDMA dose-dependently and fully substituted for its training stimulus (Fig. 1A, ࡗ) at doses of 1.0 and 1.7 mg/kg and reduced response rates ( Table  1 ). The ED 50 for racemic MDMA in mice trained to discriminate 3.0 mg/kg racemic MDMA from saline was approximately 0.4 Ϯ 0.2 mg/kg. Likewise, S(ϩ)-MDMA dose-dependently and fully substituted for the racemic MDMA training cue (Fig. 1A , OE) at a dose of 1.0 mg/kg and reduced response rates (Table 1 ). The ED 50 for S(ϩ)-MDMA in mice trained to discriminate 3.0 mg/kg racemic MDMA from saline was approximately 0.17 Ϯ 0.1 mg/kg. It is interesting that R(Ϫ)-MDMA did not substitute for the racemic MDMA training cue at any dose (Fig. 1A, ƒ) . R(Ϫ)-MDMA engendered only saline-appropriate responding up to doses that completely suppressed responding in three animals (Table 1) , precluding an ED 50 determination for this compound in these animals.
S(ϩ)-MDMA dose-dependently and fully substituted for its training stimulus (Fig. 1B, OE) at a dose of 1.0 mg/kg and reduced response rates ( Table 2 ). The ED 50 for S(ϩ)-MDMA in mice trained to discriminate 1.5 mg/kg S(ϩ)-MDMA from saline was approximately 0.3 Ϯ 0.2 mg/kg. Racemic MDMA also dose-dependently and fully substituted for the S(ϩ)-MDMA training cue (Fig. 1B, ࡗ) at doses of 0.3 and 1.0 mg/kg and reduced response rates ( Table 2 ). The ED 50 for racemic MDMA in mice trained to discriminate 1.5 mg/kg S(ϩ)-MDMA from saline was approximately 0.1 Ϯ 0.1 mg/kg. In contrast to the results obtained in mice trained to discriminate racemic MDMA from saline, R(Ϫ)-MDMA substituted dose-dependently for the S(ϩ)-MDMA training cue, and mice fully generalized their responding at 1.0 mg/kg (Fig. 1B, ƒ) . The ED 50 for R(Ϫ)-MDMA in mice trained to discriminate 1.5 mg/kg S(ϩ)-MDMA from saline was approximately 0.17 Ϯ 0.1 mg/kg. As with the other compounds tested, R(Ϫ)-MDMA dose-dependently suppressed response rates to some extent (Table 2) .
R(Ϫ)-MDMA dose-dependently and fully substituted for its training stimulus (Fig. 1C, ƒ) at a dose of 1.0 mg/kg and reduced response rates (Table 3 (Fig. 1C, OE ) and reduced response rates (Table 3 ). The ED 50 for S(ϩ)-MDMA in mice trained to discriminate 1.5 mg/kg R(Ϫ)-MDMA from saline was approximately 0.03 Ϯ 0.1 mg/kg. In an example of nonsymmetrical generalization, racemic MDMA dose-dependently and fully substituted for the R(Ϫ)-MDMA training cue (Fig. 1C, ࡗ) at a dose of 0.3 mg/kg and reduced response rates (Table 3 ). The ED 50 for racemic MDMA in mice trained to discriminate 1.5 mg/kg R(Ϫ)-MDMA from saline was approximately 0.056 Ϯ 0.1 mg/kg.
Assessment of the time courses of the discriminative stimulus effects engendered by the training doses of MDMA and its enantiomers revealed interesting differences between compounds. Almost complete drug-appropriate responding was engendered by 3.0 mg/kg racemic MDMA and 1.5 mg/kg S(ϩ)-MDMA at time points from 10 to 60 min after injection, and responses were incrementally reallocated to the salineappropriate lever at later time points for both drugs (Fig. 2 , ࡗ and triangles). In contrast, mice injected with 1.5 mg/kg R(Ϫ)-MDMA evenly distributed their responses on both levers 10 min after injection, allocated more responses to the drug-appropriate lever at 20 and 30 min after injection, then gradually shifted their behavior back to the saline-appropriate lever for the duration of the test (Fig. 2, ƒ) . (Table 4) 
. S(ϩ)-and R(Ϫ)-
MDMA were found at higher concentrations than any metabolites of racemic MDMA. In the next steps of MDMA metabolic disposition, more differences are seen among metabolites plasma concentrations depending on the enantiomer considered. For MDA, the N-demethylation metabolic product of MDMA, AUC 0 -80 min for S(ϩ)-MDA was almost 5 times higher than R(Ϫ)-MDA (p ϭ 0.0431, z ϭ Ϫ2.023, p ϭ 0.0004, t ϭ Ϫ11.160), and the C max for S(ϩ)-MDA was almost 3 times higher than R(Ϫ)-MDA (p ϭ 0.0431, z ϭ Ϫ2.023, p ϭ 0.0080, t ϭ Ϫ4.912) ( Table 4) . Although no significant differences were noted among metabolites resulting from the O-demethylation and further O-methylation of MDMA and MDA (HMMA, HMA, or HHA), it seems that metabolites derived from the S(ϩ)-isomers are more efficiently formed because concentrations of R(Ϫ)-HHA were below the limit of detection. A similar metabolic pattern is seen after the administration of a single bolus dose of 1.5 mg/kg R(Ϫ)-MDMA (Table 5) and S(ϩ)-MDMA (Table 6) Plasma concentrations of the enantiomers of MDMA and the enantiomers of the MDMA metabolites MDA, HMMA, HHMA, and HHA were quantified after a cumulative racemic MDMA dosing procedure identical to that used in the drug discrimination studies or after a single bolus dose of 1.7 mg/kg racemic MDMA. Accumulation of the MDMA metabolites was time dependent (Table 7) . At the 10-min time point (after a dose of 0.1 mg/kg racemic MDMA) and at all other time points, there were no significant differences between the concentrations of the MDMA enantiomers. At the 20-min time point (a cumulative dose of 0.3 mg/kg racemic MDMA), concentrations of the MDMA enantiomers doubled, and S(ϩ)-MDA was quantified in a single sample, whereas R(Ϫ)-MDA concentrations were below the level of detection in all samples analyzed. A similar pharmacokinetic profile was observed at the 30-min time point (a cumulative dose of 1.0 mg/kg racemic MDMA). Concentrations of the MDMA enantiomers were increased approximately 4-fold over the initial sample, concentrations of S(ϩ)-MDA were increased more than 10-fold over the previous sample, and R(Ϫ)-MDA remained below the limit of detection. A significantly broader metabolite profile was quantified at the 40-min time point (a cumulative dose of 1.7 mg/kg racemic MDMA). Concentrations of the MDMA enantiomers were increased approximately 5-fold over the initial sample, and concentrations of S(ϩ)-MDA were stable (in comparison with the previous sample), whereas R(Ϫ)-MDA accumulation reached the limit of detection, and its concentration was 3-fold less than that of S(ϩ)-MDA. In addition, HMMA enantiomers were detected, in addition to those of HHMA and HHA. There were no differences in the concentrations of these MDMA metabolites. It is important that concentrations of both S(ϩ)-MDMA and R(Ϫ)-MDMA were lower after a single bolus dose of 1.7 mg/kg racemic MDMA compared with an equivalent cumulative dose spread over four administrations (Table 7 ; Fig. 3 ), mimicking the manner in which drug discrimination tests were performed. Concentrations of the enantiomers of the MDMA metabolites MDA, HMMA, HHMA, and HHA were higher after administration of a single bolus dose of 1.7 mg/kg racemic MDMA compared with the concentrations observed using the cumulative dosing procedure, although the relatively small sample size precluded the detection of statistical significance. The sum of recovered concentrations of metabolites after the single bolus administration compensates differences seen in MDMA concentrations comparing both administration protocols.
Evidence for the interconversion of the MDMA enantiomers after administration of a 1.5 mg/kg concentration of either isomer is shown in Fig. 4 
Discussion
MDMA and its enantiomers were successfully trained as discriminative stimuli in mice, but, consistent with a previous report in the rat (Bondareva et al., 2005) , R(Ϫ)-MDMA was notably more difficult to train than racemic MDMA or the S(ϩ)-enantiomer. Use of a higher R(Ϫ)-MDMA training dose might have accelerated acquisition of the discrimination, but the experimental design for these studies necessitated that S(ϩ)-and R(Ϫ)-MDMA be trained at the same dose, half the training dose used for racemic MDMA, to allow for a fair assessment of cross-generalization among these compounds during substitution tests. Thus, R(Ϫ)-MDMA may simply be less potent than S(ϩ)-or racemic MDMA in terms of discriminative stimulus effects. Likewise, the lethal effects of R(Ϫ)-MDMA are less potent than those of S(ϩ)-and racemic MDMA in mice (Fantegrossi et al., 2003) , and R(Ϫ)-MDMA is 4-fold less potent than S(ϩ)-and racemic MDMA in suppressing operant responding in the mouse (Glennon et al., 1987) . Such potency differences are not universally reported, however, because head twitch behavior elicited by S(ϩ)-and R(Ϫ)-MDMA occurs over a comparable dose range (Fantegrossi et al., 2005) .
S(ϩ)-and racemic MDMA elicit a similar cluster of behavioral and physiological effects in the mouse, including locomotor stimulation and hyperthermia (Fantegrossi et al., 2003; Herin et al., 2005) . Thus, the reciprocal generalization here reported between S(ϩ)-and racemic MDMA is consistent with these and other in vivo comparisons of these drugs. Likewise, both enantiomers of MDMA elicit head twitch behavior in the mouse, albeit via different mechanisms (Fantegrossi et al., 2005) , so it was not entirely unexpected that both S(ϩ)-and R(Ϫ)-MDMA would substitute for each other. 
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Mice trained with racemic MDMA failed to generalize their responding to substitution doses of R(Ϫ)-MDMA, although racemic MDMA fully substituted in mice trained with R(Ϫ)-MDMA. This nonreciprocal generalization might be due to perceptual masking (Wegel and Lane, 1924) , in which a complex of stimulus effects may not be congruent with the individual components of that stimulus. Mice discriminating racemic MDMA from saline were, in essence, trained to a composite stimulus consisting of S(ϩ)-and R(Ϫ)-MDMA. In these subjects, it would seem that the stimulus effects of S(ϩ)-MDMA overshadow those of R(Ϫ)-MDMA, such that animals trained to the racemic mixture recognize only the cue induced by S(ϩ)-MDMA. The role of perceptual masking in drug discrimination has been discussed recently (Koek et al., 2006; Li et al., 2008) . Alternatively, although administered at a constant dose, mice acquired the discrimination between R(Ϫ)-MDMA and saline more slowly than did mice trained with S(ϩ)-MDMA, perhaps indicating a more subtle interoceptive effect. Thus, the failure of R(Ϫ)-MDMA to substitute for racemic MDMA could indicate that the discriminative stimulus effects of R(Ϫ)-MDMA are not as salient as are those of the racemate or the S(ϩ)-enantiomer.
In studies designed to assess the time course of these discriminative stimulus effects, important differences in both onset and duration of action were uncovered among these drugs. For both racemic and S(ϩ)-MDMA, full discriminative control was observed within 10 min after injection and remained largely unchanged over approximately the next 50 min. These findings suggest that the interoceptive effects of racemic and S(ϩ)-MDMA have a relatively rapid onset and last at least 60 min after injection. With regard to R(Ϫ)-MDMA, discriminative performance no greater than chance was observed 10 min after injection. Stimulus control improved over the next 20 min, then worsened at all subsequent time points. Thus, in comparison with racemic MDMA and the S(ϩ)-enantiomer, the interoceptive effects of R(Ϫ)-MDMA are slower in onset and shorter in duration, which might explain the difficulty we and others have encountered training R(Ϫ)-MDMA as a discriminative stimulus.
Pharmacokinetics also may be relevant to the discussion of the discriminative stimulus effects of R(Ϫ)-MDMA. The t max of R(Ϫ)-MDMA was 10 min, a time at which discriminative performance was no better than chance. However, the t max of (Fitzgerald et al., 1989) . Given the enantioselective metabolism of MDMA after racemate administration, with S(ϩ)-MDA accumulation higher than that of R(Ϫ)-MDA, discriminative performance after racemate administration may be due to S(ϩ)-MDMA and S(ϩ)-MDA. A practically complete overlap of graphs representing drug response versus time after racemic MDMA and S(ϩ)-MDMA administration seems to confirm this hypothesis. Unlike mice, MDMA's main metabolic pathway in humans is O-demethylation to HHMA with further methylation to HMMA (Pizarro et al., 2003) . This could partially explain the interspecies differences in the neuropharmacological effects of MDMA with MDA being more abundant in mouse plasma and thereby proportionately more responsible for eliciting discriminative stimulus effects in mice.
R(Ϫ)-MDMA was cleared preferentially to S(ϩ)-MDMA after both single-and cumulative dose administration of racemic MDMA. There were differences found in MDMA's enantiomeric ratio after 3.0 mg/kg was administered; however, plasma concentrations of both MDMA enantiomers after 1.7 mg/kg were not different, agreeing with previous reports on their urinary recoveries (Lim et al., 1993) . The equal concentration of MDMA enantiomers despite this enantioselective metabolism may be explained in part by an in vivo biotransformation between enantiomers. In fact, analy- sis of enantiomers of MDMA and its metabolites after pure MDMA enantiomer administration shows a 3.5 and 9.9% conversion of one enantiomer to the other after administration of R(Ϫ)-and S(ϩ)-MDMA, respectively. This is the first evidence of interconversion of MDMA enantiomers in vivo, although it has been reported for other chiral compounds, such as ibuprofen (Agranat and Caner, 1999) and thalidomide (Reist et al., 1998) . It is difficult to extrapolate MDMA enantiomeric interconversion to humans because, to our knowledge, there are no pharmacokinetic experiments of pure MDMA enantiomer administration in man. Cumulative doses of racemic MDMA lead to higher concentrations of MDMA compared with administration of an equivalent single dose, revealing that metabolism is decreased when the dose is administered cumulatively. Furthermore, MDA concentrations are lower after the cumulative dose compared with the single dose, suggesting autoinhibition of MDMA metabolism in mice, as also observed in humans (de la Torre et al., 2000) . The inhibition of CYP2D6 is thought to cause this nonlinear pharmacokinetics in humans. Although mice do not possess CYP2D6, they express many homologous CYP2D isozymes, one or more of which may be inhibited by MDMA. Although no statistically significant differences were found because of small sample size, both cumulative and single doses of MDMA yield R(Ϫ)/S(ϩ) ratios Ͻ 1 in all cases except for HMMA, where the ratio is Ͼ1 (observation based on a single sample). Metabolite concentrations in all cases are higher after a single dose compared with an equivalent cumulative dose, and R(Ϫ)/S(ϩ) ratios are similar for both single and cumulative doses. These data show that, although more MDMA is being metabolized when it is administered in a single dose, enantioselective metabolism is not affected by the pattern of dose administration, and the hypothetic enzyme inhibited after MDMA administration is not responsible for the stereochemical differences in its metabolism.
In summary, the present data confirm that all three forms of MDMA can be trained as discriminative stimuli in the mouse and that, with the exception of R(Ϫ)-MDMA in mice trained to discriminate the racemate, all compounds substituted for one another. As in other behavioral measures, the onset of interoceptive effects for S(ϩ)-MDMA and racemic MDMA were similar to one another and were faster than for R(Ϫ)-MDMA. Likewise, the duration of discriminative stim- 
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at ASPET Journals on April 20, 2017 jpet.aspetjournals.org ulus effects was similar for S(ϩ)-MDMA and the racemate and was shortest for R(Ϫ)-MDMA. After a single injection of racemic MDMA, S(ϩ)-MDMA and its metabolites were found in higher concentrations than R(Ϫ)-MDMA and its metabolites, whereas cumulative doses of MDMA lead to higher plasma concentrations compared with an equivalent bolus dose. In contrast to that observed in humans, the N-dealkylation pathway is favored in mouse plasma with MDA as the main metabolite formed. MDA concentrations are lower after the cumulative dose compared with the single dose, which, coupled with the nonlinearity observed in MDMA pharmacokinetics after increased doses of racemic MDMA, suggests autoinhibition (or saturation) of MDMA metabolism in mice. In total, these studies suggest that the discriminative stimulus effects of racemic MDMA perhaps are driven by accumulation of S(ϩ)-MDMA and S(ϩ)-MDA in the mouse. As recreational use of MDMA continues, further study likely will be necessary to understand the complex behavioral and pharmacokinetic actions of this drug. 
